An exact analysis is given for a point source in air above a ground surface. By representing the plane-wave reflection coefficient as the Laplace transform of an image source distribution, a well-behaved image integral, instead of the usual Sommerfeld integral, is obtained. The approach is valid for both locally and extended reacting surfaces. For a locally reacting ground surface, the image integral is an especially simple, rapidly convergent integral. The integral for local reaction is investigated analytically for a number of limiting cases. The resulting analytic solutions are compared with analytic solutions obtained from more standard approaches. Finally, the image integral for local reaction is analyzed numerically, and an upper limit on the numerical integration is given. It is shown that with realistic values of ground impedance, the prescribed integration limit allows the image integral to be easily and accurately computed numerically.
INTRODUCTION
The sound field resulting from a point source above the ground has been studied by many authors.
•-12 For a homogeneous atmosphere, the problem is the so-called Sommerfeld problem, which has a solution involving a difficult Sommerfeld integral. To evaluate the Sommerfeld integral, various assumptions and approximations have been adopted. 1-12 In contrast, we use an exact method based on an image source distribution. The method was originally proposed by Lindell and Alanen for vertical electric and magnetic dipoles in radiowave propagation. 13,14 With the image formulation, the reflection coefficient is expressed as a Laplace transform over an image source function. The final expression for the acoustic field involves a well-behaved image integral instead of the usual Sommerfeld integral.
The reflection coefficient for an extended reacting surface has essentially the same form as the reflection coefficient for an electric dipole. Consequently, the derivation for extended reaction is very similar to that given in Ref. 14. For a locally reacting surface, however, the reflection coefficient has a different form from that of either an electric or magnetic dipole. 13'14 Nevertheless, the image method is still applicable, and, in fact, is much simpler to apply than for an extended reacting surface. For a locally reacting surface, the image source contribution can be easily obtained from a very simple image source integral. The integrand is well-behaved, and the integral converges rapidly for a realistic ground impedance. Because the integral is well behaved and convergent, it is straightforward to develop criteria for accurate numerical evaluation of the integral.
• 
(V2+ k22)p2 =0, z<0,
where P• and P2 are sound pressures tn the air (z < 0) and in the porous ground (z<0), respectively. The observation 
P, z=0, 
where R (klz) is the plane-wave reflection coefficient. Equation (11 ) suggests that the solution above the ground can be separated into two parts: the direct free-space wave fi'om the physical source at (0, 0, h) and a reflected wave from an image source. The strength and location of the image source is to be determined. With this decomposition in mind, we write the total field as the sum of a free-space component and an image component, 
R• R2
which is appropriate for 0-• 90 ø. As a final analytic limit, we consider grazing incidence and obtain from Eq. In this section we discuss the details of numerically evaluating the integral in Eq. (29). As the integral stands, the upper liimit on q is infinity. Hence we want to examine the integrand to see what upper limit is actually required for a useful result in typical calculations. We show a simple means for establishing a general upper limit that allows a straightforward numerical evaluation of the integral. To demonstrate the accuracy of the approach, we apply it to two different propagation problems.
In establishing a general upper integration limit, we take a conservative approach and assume the falloff of the integrand in Eq. (29) is controlled primarily by the factor exp( --k•q/Zg), which we shall call the "source strength factor." This assumption sometimes gives an upper limit that is greater than actually needed. However, since the integrand is so easily computed, a more sophisticated analysis does not seem worthwhile. For the comparison shown in Fig. 6 , 64 integration points were needed to obtain an accurate result. Even though a considerable number of points were required, the calculation was still very fast because the integrand can be computed rapidly. In addition, because a general upper limit on the integration was known, we could easily automate the calculation by having the computer program increase the number of integration points in the interval [0, 1.15 qu*vp•r ] until the desired level of accuracy was reached. Thus the method described here allows a numerical result of arbitrary accuracy to be computed with ease.
We write the source strength factor as exp( -k•q/Z• ) = exp( -aq)exp(i[3q) ,

V. SUMMARY AND CONCLUSIONS
In this article we write the total acoustic field due to a point source above a complex impedance plane as the freespace field plus an image-source field. It is shown that the image is a line source that lies in a complex z space. The formulation is simple, concise, and intuitive. Unlike the Sommerfeld integral approach, which invariably results in a steepest descent approximation and later an error function integral, the exact image integral obtained here can be numerically integrated with ease. The accuracy of the solution can be checked by the convergence of the integral itself, which proves to be very fast. The method presented here appears to be a useful alternative to existing methods for computing sound propagation in a homogeneoas atmosphere above a ground surface, especially for applications where an exact numerical result is needed.
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